The magnetized iron calorimeter (ICAL) at the India-based neutrino observatory (INO) aims at distinguishing the neutrino mass hierarchy as well as determining the atmospheric neutrino parameters with a fine precision. The ICAL can detect muons with good reconstruction efficiency and momentum (E µ , cos θ µ ) resolution. It is also capable of measuring the hadron energy E had ≡ E ν − E µ by calibrating the hadron shower hits. For a given neutrino event, the correlation between E had and E µ is an important property, which may be used for improving the oscillation parameter estimation. We take care of this correlation by binning the events in (E µ , cos θ µ , E had ). A χ 2 analysis is performed after incorporating the ICAL muon and hadron response, obtained from GEANT4 simulation. We show that, with an exposure of 500 kt-year, the ICAL can rule out the wrong hierarchy with a ∆χ 2 ≈ 9, which marks an enhancement of about 40% compared with the muon-only analysis. The inclusion of hadron information also improves the precision bounds on |∆m 2 32 |, θ 23 and its octant. We show that, 10 years of ICAL exposure would be able to measure sin 2 θ 23 and |∆m 2 32 | to a relative 1σ precision of 12% and 2.9% respectively.
Introduction
The Atmospheric neutrinos, which offer a wide range of energy and baseline, can play a crucial role in the study of the neutrino oscillations. The neutrino mass hierarchy (MH) (the normal mass hierarchy (NH): m 1 < m 2 < m 3 , the inverted hierarchy (IH): m 3 < m 1 < m 2 ), can possibly be obtained by probing the matter effects on neutrinos as they propagate through the Earth [1] . The matter effects experienced by the neutrinos and the antineutrinos are different, and separate study of these effects is important for the mass hierarchy identification [2] . The atmospheric neutrinos passing through the Earth experience significant matter effects and thus they can be used to discover the true mass ordering. In the GeV energy range, the atmospheric neutrino flux is small, which necessitates very large detectors.
The magnetized Iron Calorimeter detector (ICAL), with a mass of about 50 kt, at the Indiabased Neutrino Observatory (INO) is designed to study neutrino mixing parameters using atmospheric neutrinos [3] . The primary goals of the experiment are the identification of neutrino mass hierarchy and the precision measurements of atmospheric oscillation parameters (sin 2 θ 23 , |∆m 2 32 |). The underground lab facility for the experiment is being constructed at Theni in Southern India. The ICAL setup consists of 151 layers of 5.6 cm thick iron plates interspersed with Resistive Plate Chambers (RPCs) as active detector elements [4] .
The detector is primarily optimized to measure the muon momentum with high efficiency in the GeV range. Further, the ICAL, being a magnetized detector, would also be able to distinguish between the ν µ andν µ events, through the separate identification of the muon and antimuon tracks in the magnetic field. In addition, it is also capable of detecting of the hadrons produced in the ν µ interactions and measuring their energy, though with a coarser resolution. The initial analysis of the physics potential of ICAL was performed using the muon momentum (E µ , cos θ µ ) only [5, 6] . Although the hadron energy is measured with relatively poorer resolutions, it provides crucial information on the event, and may be utilized when used along with the muon data. Studies showed that by using inelasticity parameter, i.e., y ≡ (E ν − E µ )/E ν = E had /E ν in each event, the MH reach can be improved by 20 -50% [7] . The y is approximately the fraction of the neutrino energy carried by hadrons. Note that the correlation between the muon and the hadrons in each event is important for such study. In order to use the information on the hadron energy and their correlation with the muons, we use the muon energy (E µ ), muon direction (cos θ µ ) and hadron energy (E had = E ν − E µ ) from each event as the observables .
We present here the analysis and results of the statistical approach to find the ICAL sensitivity with correlated muon and hadron information [8] . The enhancement in the detector's potential as a result of the addition of the hadron information is highlighted. The ICAL response to the muon and hadrons, and the hadronic contribution in the events of interest are discussed in section 2. The analysis procedure is described in section 3. We present the ICAL sensitivity to the MH determination and the precision measurements of |∆m 2 32 |, sin 2 θ 23 and its octant in section 4.
Neutrino interactions and event reconstruction in ICAL
The atmospheric ν µ andν µ interact with the iron target through quasi-elastic (QE) and resonance scattering (RS) and deep inelastic scattering (DIS) processes as well as a negligible fraction Figure 1 : The average inelasticities y in the three processes, as functions of the neutrino energies (left). The distribution of inelasticity in events with neutrino energies in the range 4 -7 GeV, with an exposure of 500 kt-year, in the absence of oscillations (right). [8] of diffractive and coherent processes. In the CC interactions, a muon is produced in the final state.
In the sub-GeV neutrino energy range, the QE process dominates, where no hadrons are produced and the final state muon carries most of the available energy As the energy increases RS and DIS processes start dominating and at a few GeVs DIS becomes the most prominent process. The RS events typically contain a single pion in the final state, though in a small fraction of events there are multiple pions. The DIS events produce multiple hadrons.
The ICAL response to muons and hadrons are obtained using a GEANT4-based detector simulation algorithm [6, 9, 10] . We term the passage of a charged particle as detected in the RPCs as hits. The RPCs provide the (X, Y) coordinates of the hits, while the Z-coordinate is calculated from the RPC layer number. The muon hits form track-like features, while hadron hits produce showers. The muon energy and direction are reconstructed using a Kalman Filter-based track reconstruction algorithm. The hadron energy is parametrized in terms of E had ≡ E ν − E µ , and is calibrated against the number of hadron hits in each event.
The importance of the hadron energy in an event can be understood from the inelasticity y in an event. The average inelasticities y in the three kinds of processes, as functions of neutrino energies, have been shown in the left panel of Fig. 1 . Clearly, y in the DIS events is significant, which implies that a large fraction of the incoming neutrino energy goes into hadrons in the energy range of interest for MH determination. While y does not fluctuate much over this energy range, the inelasticities in individual events have a wide distribution (see the right panel of Fig. 1 ). Hence it is important to consider the y values in individual events. In the analysis procedure, which is discussed in section 3, the energies of hadrons and muons obtained in each event are used as separate variables so that the correlation between them is preserved.
The analysis procedure
The analysis procedure [8] is discussed below.
1. Event Generation: The generator NUANCEv3.5 [11] , with the ICAL specifications as input, is used as the Monte Carlo event generator to produce atmospheric neutrino interactions. 
with such a large exposure at all possible sets of the oscillation parameters is practically impossible, so the event generator is run only once for un-oscillated neutrino flux, and later a re-weighting algorithm is used to incorporate the oscillations.
Inclusion of the oscillations and detector response:
The events are re-weighted using a random selection algorithm. The survival/ oscillation probabilities for the certain channel is calculated using the given set of oscillation parameters. The benchmark values of the oscillations parameters are used as in [13] . Then for each event, a uniform random number R between 0 and 1 is generated and compared to the probability to pick/discard that event.
The re-weighted events are then binned in the observables (E µ , cos θ µ , E had ) and folded with the ICAL response. The ICAL lookup tables for both muon and hadron responses are used [6, 9, 10] . First, the events in each bin were multiplied by the muon reconstruction efficiency and CID efficiency. Then the integrals of the detector response functions of the observables are evaluated, and using them the measured distribution of the events are obtained.
3. The χ 2 analysis: For the χ 2 analysis the events are re-distributed in wider and non-uniform bins, the bin widths being comparable to the respective resolutions. A scheme of 20 E µ bins in the range (1 -11) GeV, 21 cos θ µ bins in the range [−1, +1], and 4 E had bins in the range (0 -15) GeV are used for each polarity of muon.
The Poissonian χ 2 ± for events with a µ ± is defined as
In the analysis, the following five systematic errors are included using the method of pulls [14] : (i) Flux normalization error (20%), (ii) cross-section error (10%), (iii) tilt error (5%), (iv) zenith angle error (5%), and (v) overall systematics (5%). The total χ 2 is obtained by adding the individual contributions from µ − and µ + events and a 8% prior (at 1σ ) on sin 2 2θ 13 :
This χ 2 ICAL is marginalized over the pull variables ξ l and over the 3σ allowed range of the relevant oscillation parameters.
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The results are discussed here. We begin with the enhancement obtained in the MH sensitivity.
Sensitivity to the neutrino mass hierarchy
The statistical significance of the analysis to discard the wrong hierarchy is quantified by
where χ 2 ICAL (true MH) and χ 2 ICAL (false MH) are obtained from a fit to the observed data assuming certain true and false mass hierarchy, respectively. With the statistical fluctuations suppressed, χ 2 ICAL (true MH) ≈ 0. The statistical significance has also been represented in terms of nσ , where n ≡ ∆χ 2 ICAL−MH . This relation provides the median sensitivity in the frequentist approach of hypothesis testing.
In Fig. 2 the distributions of ∆χ 2 − ≡ χ 2 − (IH) − χ 2 − (NH) in the reconstructed E µ -cos θ µ plane are shown. The left panel shows the results for the analysis that does not use the hadron energy information, while the right panel shows the analysis where events are further divided into four sub-bins of E had and for each E µ -cos θ µ bin, the ∆χ 2 − has been summed over the hadron energy bins. Similar improvement can be observed for the antineutrinos. It can be observed that, with the addition of the hadron energy information, the area in the E µ -cos θ µ plane that contributes significantly to ∆χ 2 ± increases, which in turn improves the net ∆χ 2 ± . This increase in χ 2 ± is contributed by not only the information contained in the hadron energy measurement, but also the correlation between the hadron energy and muon momentum. Note that, the constant contribution in χ 2 coming from the term involving the five pull parameters ξ 2 l in Eq. (3.1) has not been considered. Also, the marginalization over the oscillation parameters in the fit has not been performed here. However the MH sensitivity results are obtained with the full pull contributions and marginalizations. Figure 2 : The distribution of ∆χ 2 − per unit area in (E µ -cos θ µ ) plane, without (left) and with (right) hadron information. The NH is assumed to be the true hierarchy, and 500 kt-year of ICAL exposure is used. [8] The comparison of the ∆χ 2 ICAL−MH obtained in this analysis with that from the muon-only analysis is shown in Fig. 3 , as a function of the ICAL run-time for true NH. After including the E had information, 10 years of running can rule out the wrong hierarchy with ∆χ 2 ICAL−MH ≈ 9.5 (for true NH), and ∆χ 2 ICAL−MH ≈ 8.7 (for true IH), which mark an improvement of about 40% over the muon-only analysis. Fig. 4 shows the range of ∆χ 2 ICAL−MH for different true sin 2 θ 23 . 4.2 Precision measurements of | ∆m 2 32 | and sin 2 θ 23 The precision in the measurements of the parameter λ ( λ = sin 2 θ 23 or |∆m 2 32 |), is quantified as
where χ 2 0 is the minimum value of χ 2 ICAL−PM in the allowed parameter range. It is observed that with the inclusion of the information on E had , 500 kt-year of ICAL exposure would be able to measure sin 2 θ 23 to a relative 1σ precision of 12% and |∆m 2 32 | to 2.9%. With the muon-only approach, the same relative precisions were 13.7% and 5.4%, respectively. The sin 2 θ 23 precision depends mainly on the event statistics, which is not changed by the addition of the E had information, thus only a small difference is observed in the two analyses. The independent measurements of E µ and E had lead to a better estimation of E ν , which appears in the oscillation expression as sin 2 (∆m 2 L/E ν ), thus resulting in a significant improvement of the measurement of |∆m 2 32 |. The left panel of Fig. 5 shows the comparison of ∆χ 2 ICAL−PM (|∆m 2 32 |), with and without hadron energy information. The ICAL 500 kt -year projected reach has been compared to the current results from other experiments in the right panel of Fig. 5 .
Sensitivity to the octant of θ 23
In analogy with the MH discovery potential, the statistical significance of the analysis to rule out the wrong octant of θ 23 is defined as Figure 5 : (Left) The ∆χ 2 ICAL−PM (|∆m 2 32 |), with and without hadron energy information (left), The true hierarchy is assumed to be NH. (Right) The ICAL 90% C.L. (2 dof) contour in the sin 2 θ 23 -|∆m 2 32 | plane. The current limits from Super-Kamiokande [15] , MINOS [16] , and T2K [17] have also been shown. [8] It is observed that the potential of distinguishing the θ 23 octant with the ICAL data alone is rather weak. A 2σ identification of the octant would be possible with the 500 kt-year ICAL data alone only when the true hierarchy is NH and the true octant is LO (sin 2 θ 23 (true) < 0.395).
Summary and concluding remarks
In this paper we have discussed the motivation, methodology and results of the statistical analysis which is used to assess the ICAL physics potentials with the inclusion of the hadron energy. Though ICAL is primarily optimized for muon detection, its capability of detecting hadrons and estimations their energy has been an additional advantage. The enhancement is not only due to the hadron energy, but also due to the correlation between the hadron energy and the muon momentum in an event. The analysis presented in this chapter uses hadron energy, muon energy and muon direction as separate observables in each event.
Significant improvements have been observed in the ICAL sensitivities, using this analysis. After including the E had information, 10 years of running can rule out the wrong hierarchy with ∆χ 2 ICAL−MH ≈ 9.5 (for true NH), and ∆χ 2 ICAL−MH ≈ 8.7 (for true IH), which mark an improvement of about 40% over the muon-only analysis. It is observed that with the inclusion of E had information, 500 kt-year of ICAL exposure would be able to measure sin 2 θ 23 to a relative 1σ precision of 12% and |∆m 2 32 | to 2.9%. However, that the potential of distinguishing the θ 23 octant with the ICAL data alone is rather weak. A 2σ identification of the octant is possible with the 500 kt-year ICAL data alone only when, the true hierarchy is NH and the true octant is LO (sin 2 θ 23 (true) < 0.395).
It is clear from the above results that the inclusion of correlated hadron energy information improves oscillation physics sensitivities in almost all areas. Depending on the present status of the ICAL simulations certain assumptions had to be made. As the understanding of the detector improves, those issues can be taken care of, which would also affect the physics reach. However, this paper demonstrates quantitatively that, with the same conditions and assumptions, the inclusion of event-by-event hadron energy information in the analysis increases the reach for mass hierarchy identification and |∆m 2 32 | precision by a significant amount. This analysis procedure is expected to become the preferred one for future analyses of ICAL physics reach. Thus a better understanding of the hadron response of the detector, and development of efficient algorithms to use the hadron data would be important.
